The effectiveness of malaria screening and treatment highly depends on the low-cost access to the highly sensitive and specific malaria test. We report a real-time fluorescence nucleic acid testing device for malaria field detection with automated and scalable sample preparation capability. The device consists a compact analyzer and a disposable microfluidic reagent compact disc. The parasite DNA sample preparation and subsequent realtime LAMP detection were seamlessly integrated on a single microfluidic compact disc, driven by energy efficient non-centrifuge based magnetic field interactions. Each disc contains four parallel testing units which could be configured either as four identical tests or as four species-specific tests. When configured as species-specific tests, it could identify two of the most life-threatening malaria species (P. falciparum and P. vivax). The NAT device is capable of processing four samples simultaneously within 50 min turnaround time. It achieves a detection limit of~0.5 parasites/µl for whole blood, sufficient for detecting asymptomatic parasite carriers. The combination of the sensitivity, specificity, cost, and scalable sample preparation suggests the real-time fluorescence LAMP device could be particularly useful for malaria screening in the field settings.
Introduction
Malaria is a mosquito-borne disease caused by Plasmodium parasites, predominately in resource-limiting areas of low-and middle-income countries. Among 5 parasite species, P. falciparum (Pf) and P. vivax (Pv) pose the greatest threat to the human. Pf is the most prevalent malaria parasite on the African continent. Pv is the dominant malaria parasite in most countries outside of sub-Saharan Africa (WHO, 2017) . Increased malaria control efforts have resulted in dramatic reduction in the global malaria incidence over the past decade. The World Health Organization (WHO) thus endorsed the ambitious goal of achieving worldwide malaria elimination and eradication (WHO, 2017) . A change in focus from malaria control to elimination requires identification and treatment of both symptomatic and asymptomatic carriers to reduce the parasite reservoir and interrupt the malaria transmission. As a result, the effectiveness of elimination strategies highly depends on the low-cost access to the sensitive and specific malaria screening tests (Slater et al., 2015) . Current screening test methods rely almost exclusively on microscopy (thin and thick blood smears) and immunological rapid diagnostic tests (RDTs, detecting antigens in human blood). They perform sufficiently well in high transmission regions for diagnosing people with symptomatic malaria. Nevertheless, both methods could miss a significant portion of asymptomatic parasite carriers in low-transmission areas thanks to the detection limit of~100 parasites/µl (Moody, 2002; Wongsrichanalai et al., 2007) . During the course of malaria elimination, the proportion of low-density and asymptomatic infections increases, thus rapid and highly sensitive point-of-care field test is increasingly needed to identify all infected individuals for treatment.
Lower parasite density can be identified by nucleic acid tests (NATs), often by PCR, which has an excellent detection limit of < 1 parasite/µl depending on the assay type (Han et al., 2007; Reddy et al., 2012; Snounou et al., 1993) . However, PCR-based assays are poorly suited to perform in field settings as they require specialized equipment for sample preparation and skilled personnel (Britton et al., 2016b) . Alternative NATs, such as loop-mediated isothermal amplification (LAMP) assays (Abdul-Ghani, 2014; Goyal et al., 2015; Han, 2013; Hsiang et al., 2014; Morris et al., 2015; Oriero et al., 2015; Patel et al., 2014; Sattabongkot et al., 2014; Singh et al., 2013; Sirichaisinthop et al., 2011; Surabattula et al., 2013) , recombinase polymerase amplification (RPA) assays (Cordray and Richards-Kortum, 2015; Kersting et al., 2014) , as well as helicase dependent amplification (HAD) assays (Li et al., 2013) have shown high analytical sensitivity and great potential for field deployment by integrating with microfluidic (Liu et al., 2016) and paper based devices (Xu et al., 2016) . Among isothermal methods, LAMP is the most studied assay for malaria detection and holds great promise for commercialization. For instance, the illumigene malaria LAMP assays could reliably and sensitively detect Plasmodium by combining a manual blood sample preparation step with an incubator reader (Lucchi et al., 2016) . Despite great effort and progress towards field deployment of malaria NATs assays, highly integrated DNA sample preparation from raw peripheral blood for molecular assays remains a bottleneck (Dineva et al., 2007; Kolluri et al., 2018) . Current sample preparation usually involves lengthy or error-prone manual processes such as gravity-driven filtration (Lucchi et al., 2016) , centrifugation (Sema et al., 2015) . Although a few emerging point of care NAT devices, such as Alere q system (Hsiao et al., 2016; Jani et al., 2016) , cobas Liat system (Nolte et al., 2016) and Cepheid Xpert Omni platform (Gous et al., 2016) , have successfully integrated the sample preparation step, a low-cost LAMP-based malaria NATs is not readily available for screening test. While centrifuge-based lab-on-a-disc (Kim et al., 2014; Kong et al., 2016; Madou et al., 2006; Nolte, 2009 ) is a promising technology to integrate DNA extraction on the chip, centrifugal force is non-linear in nature and energy-hungry thanks to the rotational frequencies in the range of several thousand revolutions per minute (RPM) (Madou et al., 2006) . For the promising LAMP technologies to be used as malaria screening tests in field settings, the DNA extraction method should be simple, rapid, scalable, fully automated, free of cross-contamination and seamlessly integrated with the amplification for immediate analysis.
In this work, we report a real-time fluorescence LAMP device suitable for field detection of Pf and Pv with automated and scalable sample preparation capability. The device uses a non-centrifugal method for solid phase DNA extraction by actuating the DNA-carrying magnetic beads against the stationary reagent droplets. The device consists of a palm-sized analyzer and an enclosed microfluidic reagent compact disc. The reagents were preloaded and separated on the microfluidic reagent disc by teeth-shaped passive valves. The pre-loaded and ready-to-use microfluidic reagent disc contains four parallel testing units. It could be configured either as four identical tests to increase the testing throughput or as four species-specific tests to distinguish Plasmodium genus, Pf and Pv species. Each test unit automatically performs the parasite DNA binding, washing, elution and immediate realtime isothermal amplification and fluorescence detection. This seamless integration from sample to result on a single microfluidic reagent compact disc greatly minimized the manual workload needed for performing the NATs. The device could deliver sensitive (~0.5 parasites/ µl) NAT results directly from a small volume of whole blood samples within 50 min for a material cost around $1/test.
Materials and methods

Pf and Pv-infected blood sample
Complete RPMI 1640 medium with type O+ human red blood cells (RBCs) was used to continuously culture Pf 3D7 (Trager and Jensen, 1976) . The parasite synchronization was performed by treating 5% Dsorbitol to remove the mature stages and only maintain the ring-stage parasites. The fresh culture medium was replaced on a daily basis. The ring stage parasites were adjusted to 45% hematocrit to mimic the whole blood sample obtained from patients. Before the nucleic acid testing, parasitemia was assessed by the Giemsa-stained blood smears. Pv-infected blood samples were obtained from BEI Resources Repository (MRA-369 Pv strain Achiote, and MRA-383 Pv strain Chesson). The genomic DNA from these blood samples was purified by phenolchloroform extraction procedure as described before (Miao et al., 2010) .
LAMP reaction mix
The LAMP reaction mix (25 µl) contains isothermal buffer (20 mM Tris-HCl, 10 mM (NH 4 ) 2 SO 4 , 50 mM KCl, 2 mM MgSO 4 , 0.1% Tween 20, pH 8.8), PCR grade H 2 O, Betaine (0.4 M), MgSO 4 (7 mM), MnCl 2 (0.75 mM) , calcein (25 µM), deoxyribonucleotide triphosphates (dNTPs, 1.4 mM), Bst 2.0 DNA polymerase, DNA template, and primer sets (0.2 mM F3 and B3c, 1.6 mM FIP and BIP, .8 mM LPF and LPB). For panPlasmodium detection, we adopted a primer set targeting mitochondrial gene common to all Plasmodium species (Polley et al., 2010) . For Pf-specific detection, a primer set to specifically detect the mitochondrial gene of Pf was used (Choi et al., 2016; Polley et al., 2010) . For Pvspecific detection, we used a primer set targeting cox1 gene of Pv (Britton et al., 2016a) . All primer sets were listed in Supplementary  Table S1 . It is noteworthy the Pv primers used here could also crossreact with P. knowlesi species (Britton et al., 2016a) .
Instrumentation
Fig . 1A shows an exploded view of the real-time fluorescence LAMP device. The mobile platform was designed in SolidWorks and prototyped by a 3D printer. The device has four parallel testing units and has a small footprint of 10 × 12 × 12 cm 3 (Fig. 1B) . The fully integrated device consists of thermal, optical, electromechanical and data subsystems. Thermal subsystem. Four resistive-heating elements were connected in series to maintain the uniform temperature in each testing unit. Each power resistor was bonded to the backside of an aluminum heating plate by thermal paste. A micro-thermistor was embedded in each heating plate for real-time temperature monitoring. Negative thermal feedback was used to maintain the desired temperature during the DNA amplification. Optical subsystem. For real-time tracking of the DNA amplification, we used four LED light sources (λ = 488 nm). Each of them was directed towards individual reaction chambers through polymer optical fibers. Each LED was connected with a potentiometer to ensure the uniformity of the excitation light. The incidence of the excitation LED lights was perpendicular to the optical sensors to minimize the excitation interference (zoomed illustration in Fig. 1B) . Electromechanical subsystem. A customized printed circuit board (PCB) with an embedded microcontroller unit (MCU) operates the whole device from sample preparation to result report. A rechargeable 9 V portable Lithium-ion battery powers the entire system and could last for > 15 h before recharging. Data subsystem. The fluorescence intensity from four optical sensing units was sampled at a constant interval and displayed on the LCD touchscreen in real-time. The signal was smoothed by a built-in moving average algorithm with background noise removed. The threshold time (Tt) was obtained when the slope of RFU (dRFU/dt) reached the peak ( Supplementary Fig. S1 ). Detailed bill of material to replicate our device is listed in Supplementary Table S1 .
Microfluidic reagent compact disc
The microfluidic reagent compact disc has a diameter of 9.6 cm and thickness of 3.2 mm. The top, spacer, and bottom polymethyl methacrylate (PMMA) layers were designed using AutoCAD and patterned by a CO 2 laser cutting machine (Epilog Helix 24 Laser System). All three layers were aligned using alignment hole and permanently laminated with adhesive solvent. The assembled disc has four testing units and each unit contains three working chambers ( Fig. 2) : binding (210 µl), washing (150 µl), and reaction chambers (25 µl). Liquid phase reagents (beads, washing buffer and master mix) were loaded into the disc immediately prior to use. The reagents could also be pre-loaded into the disc and would last for at least 1 week if stored at 4°C (Fig. 5) . Each chamber was isolated by a valve chamber (80 µl) to prevent the reagent mixing. The valving chambers were filled with FC-40 oil or air. The FC-40 oil, which seals the LAMP reaction chamber, helped prevent master mix evaporation during the thermal process. The air-filled valve was surface treated with water-oil repellent to create a barrier for the amphiphilic lysis buffer. After the sample loading, the whole disc was sealed with a PMMA cap to avoid potential cross-contamination.
Testing workflow
The workflow of the device consists of four steps (Fig. 2 and Supplementary Video S1). The 20 µl of finger-prick blood was collected using a capillary tube and lysed in the collection tube filled with 1000 µl of lysis buffer. 180 µl of blood lysate was transferred into each binding chamber of the testing units on the reagent compact disc. After loading the sample, the disc was sealed with PSA tape and inserted into the mobile analyzer for a streamlined nucleic acid sample preparation and amplification process (enlarged view of step 3). During the amplification, the fluorescence intensity data were recorded on a nonvolatile memory card and displayed on the LCD screen in real-time. Users also have an option to receive the results using a smartphone.
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.bios.2018.05.019.
Results and discussion
Non-centrifugal based streamlined sample preparation
One of the significant challenges for NATs at the point of care is related to the front end of the assays -nucleic acid extraction from raw samples (Dineva et al., 2007) . For malaria mass screening applications, the ideal sample preparation should be simple, scalable and easy-to- Fig. 2 . Workflow of the device. In step 1, whole blood is collected into the lysis buffer by the capillary tube. In step 2, the lysate is loaded into the binding chamber of the four testing units. In step 3, the disc is sealed and inserted into the analyzer, which then performs automated sample preparation and amplification. This automated process consists of four steps: binding (3 min), washing (4 min), elution (3 min) and amplification (40 min). During the amplification process, the real-time fluorescence signal from each testing unit was recorded and analyzed. Finally, in step 4, the testing results are reported.
operate. We realized a streamlined process for preparing four samples in parallel on a single enclosed microfluidic disc. In contrast to the conventional lab-on-a-disc devices that rely on energy-hungry centrifugal forces (Kim et al., 2014; Madou et al., 2006; Nolte, 2009) (Kong et al., 2016) , our device operates with a non-centrifugal and energy efficient magnetic interaction method. The process for each sample consists of the following three steps: binding, washing, and elution (step 3 of Fig. 2 and Supplementary Video S2). The negatively charged parasite DNAs first bind to the pH-sensitive charge-switchable magnetic beads (ChargeSwitch® Forensic DNA Purification Kits, Invitrogen) at pH 5. During the binding process (~3 min), the reagent compact disc was rotated back and forth slowly to ensure thorough mixing of the beads and the lysate. The DNA-binding magnetic beads were then transferred to the washing chamber by magnetic actuation. The washing process lasts for about 4 min, and the magnetic beads with purified DNAs were further transferred to the reaction chamber (LAMP master mix). The LAMP master mix has a pH of 8.8, which switches the surface charge of the magnetic beads towards negative. The negatively charged DNAs were therefore repelled off from the magnetic beads and eluted into the master mix. After that, the residual magnetic beads were removed from the reaction chamber before initiating the LAMP reaction. The entire sample preparation was multiplexed for four samples and could be finished in less than 10 min with minimal user intervention. The sample numbers could be easily scaled up if needed in the future.
Fluorescence sensing
Uniformity
For the quadruplex parallel NAT device, the fluorescence sensing consistency among different channels is essential for quantitative measurement. We tested fluorescent calcein dye at various known concentrations. At each concentration, identical calcein aliquots were loaded into the four reaction chambers for fluorescence intensity measurement. Fig. 3A shows the relative fluorescence unit (RFU) distribution from each optical channel at different concentrations. The quantitative uniformity among the four channels is excellent, as seen by the small standard deviation for the RFU values. Moreover, as expected, the mean fluorescence intensity was proportional to the calcein concentration and 2-fold calcein concentration difference could be discriminated (inset in Fig. 3A) . To further validate the fluorescence sensing uniformity during the real-time LAMP process, four identical 1 µl of Pf genomic DNA was directly loaded into each reaction chamber, and the real-time amplification curve was monitored (Fig. 3B) . We repeated each test three times. As shown in the inset of Fig. 3B , the variation of threshold time (T t ) among different fluorescence sensing channels was 1.5 min. These results validate the fluorescence sensing uniformity among different optical channels.
Quantitative
A series of 10-fold dilutions of Pf genomic DNA in Tris-EDTA buffer was used to validate the quantitative ability of the device. For each concentration, a set of three identical Pf genomic DNA samples and one internal negative control were loaded into each of the four reaction chambers on the disc. The DNA sample volume is 1 µl, and the LAMP master mix is 24 µl. Fig. 3C shows real-time amplification results from various concentrations of Pf genomic DNA. The mean and standard deviation of the amplification threshold time (T t ) was obtained from the triplicates for each concentration. As shown in the bottom subplot of Fig. 3C , a clear linear relationship was observed between T t and the dilution factor, which could be used as a reference curve for quantification. The quantitative ability is important for assessing parasite load in the blood, a useful indicator for determining the proper antimalarial drug dosage (Dormond et al., 2015) .
LAMP assays for Pf, Pv and pan-Plasmodium
To validate the LAMP primer sets for specifically detecting Pf, Pv and pan-Plasmodium, we performed a cross-reactivity test using extracted Pf and Pv genomic DNA on a bench-top real-time PCR instrument (Bio-Rad CFX96). Each analysis was performed with triplicates. As shown in Fig. 4A , Pf-and Pv-specific assays can pick up the corresponding genomic sample specifically without cross-reactivity, while the pan-Plasmodium assays can pick up any Plasmodium species (Pf and Pv). No amplification was observed with the negative control (PCR grade water). We performed gel electrophoresis in 2% agarose gel to further evaluate each amplicon (Fig. 4B) . A clear ladder-like pattern with multiple bands of different molecular sizes was observed due to the stem-loop DNA structures with several inverted repeats within LAMP amplicons (Notomi et al., 2000) . The length of the bands showed confirmative agreement with the length of the target sequence (213-, 127-, and 220-bp bands were expected from Pf, Pv, and pan-Plasmodium products respectively) (Britton et al., 2016a; Polley et al., 2010) .
Thermostability of LAMP reagents
Although most of our experiments used liquid phase reagents loaded into the disc immediately prior to use, the reagents could also be preloaded before use. We studied the thermostability of LAMP reagents (especially Bst 2.0 DNA polymerase) when stored at 25°C (ambient temperature) and at 4°C (refrigerator temperature) to evaluate their applicability for field use. During a week-long test, LAMP reagents stored at 25°C and 4°C were evaluated every 24 h to detect the model Pf genomic DNA. These experiments were done in 3 repetitions. As shown in Fig. 5 , the enzymes and reagents were found to retain sufficient activity to achieve successful DNA amplification when stored at 4°C for a week. There was no significant shift in the average threshold time for reagents stored at 4°C for one week. In contrast, when stored at 25°C, although the enzymes and reagents were active and had the ability to efficiently amplify DNA in less than 50 min for 3 days (no activity afterward), the threshold time (T t ) needed to obtain the positive/negative results were delayed (Fig. 5B) . These results indicate that a qualitative yes/no amplification could be achievable for reagents storage at room temperature. However, for a consistent real-time quantitative LAMP detection, cold-chain transport and storage of the pre-filled microfluidic reagent disc would be preferred. The stability issue could also be addressed by using reagent lyophilization. It was found the lyophilized reagents could remain stable for 24 months when stored at 4°C, 28 days at 25°C, and 2 days at 37°C (Chen and Ching, 2017) . Fig. 4 . Validation of the species-and genus-specific LAMP assays using laboratory purified Pf and Pv genomic DNA. (A) Amplification curves obtained from real-time PCR. PCR grade water was used as a no template control (NTC). (B) Gel electrophoresis image (2% agarose gel). Ladder-like bands in the gel image confirm the amplicons from species-and genusspecific LAMP reactions.
Sensitivity estimation with whole blood
To evaluate the analytical sensitivity of our device in the real world settings, we 10-fold diluted the Pf-infected whole blood with healthy blood to create mock samples with 10 −6 % to 1% parasitemia. The parasite DNA samples were automatically prepared on the compact disc. Each parasitemia sample was performed in triplicates, together with negative control on a single disc (four reactions per run). As shown in Fig. 6A , a whole blood sample with parasitemia higher than 10 −5 % could be identified. Since parasitemia is the ratio of the parasitized RBCs to the total RBCs, 10 −5 % parasitemia would correspond to 0.5 parasites/µl (normal RBC count is~5 ×10 6 cells/µl (Moody, 2002) ).
Although a rigorous report of the limit of detection (i.e., analytical sensitivity) requires a statistical comparison with the analytical blank and should be expressed as a probability with confidence intervals (Long and Winefordner, 1983) , a quick eyeball of the data shown in Fig. 6A suggests the whole blood sensitivity is around 0.5 parasites/µl. WHO estimates that analytical sensitivity needs to be lower than 2 parasites/µl for identifying low-level infection in a pre-elimination setting(2017). This sensitivity achieved in our device is comparable to other NAT methods (1-5 parasites/µl) (Kolluri et al., 2018) and suitable for detecting low-level asymptomatic carriers (Hopkins et al., 2013; Modak et al., 2016; Vallejo et al., 2015; Wongsrichanalai et al., 2007) . No amplification was observed for the healthy whole blood sample, which suggests the background human genomic DNA has negligible interferences. The amplification threshold time (T t ) was extracted for each parasitemia, and the results were shown in Fig. 6B . The inversely proportional relationship between T t and parasitemia confirmed that the quantitative ability is still valid with whole blood samples. It is interesting to note that the calibration curve shown in Fig. 6B is not exactly linear which is likely because the DNA extraction efficiency is nonlinear for different cell numbers (Katevatis et al., 2017) .
Whole blood-based Pf, Pv and pan-Plasmodium identification
To evaluate the specificity of the device, we prepared whole blood samples spiked randomly with Pf and Pv. Those sample's species information is recorded but blinded to the tester. The reagent compact disc was configured as species-specific tests as shown in Fig. 7A . Each test disc incorporates an internal negative control unit to monitor the Fig. 5. LAMP reagent thermostability test. (A) The real-time amplification curve for LAMP reagent stored at 4°C and 25°C. (B) Extracted amplification threshold time (T t ). When stored at 4°C, the reagent shows a negligible threshold time drift for a week. When stored at 25°C, the reagent shows a drift towards higher T t (decreased activity) over time and no amplification is seen after day 3. The dashed line denotes the freshly prepared LAMP reagent. Fig. 6 . Sensitivity test with Pf-infected whole blood sample (A) Amplification curves for 10-fold serially diluted Pf-infected whole blood samples. Healthy human blood was used as an NTC. (B) The resulting calibration curve for the whole blood sample. Standard deviation values are from triplicates. test quality. A threshold of 100 RFU is experimentally determined to differentiate positive and negative results. Fig. 7B shows the result from a representative set of samples (i.e., Pf, Pv, mixed, and healthy). The species information for a particular infected whole blood sample can be derived from four qualitative results on the single microfluidic disc. For example, the Pf-infected sample (first row of Fig. 7B ) can be identified by the Pf-specific assay as well as the genus-specific assay, whereas the mixed infection sample can be detected when Pf-, Pv-, and genus-specific assays all show positive. Since Pf and Pv are the two most prevalent species that pose the greatest threat to the human, identification of these major malaria parasite species in the field could provide the malaria transmission profile to the healthcare workers and enable the effective malaria eradication strategy (Kolluri et al., 2018) .
Conclusion
The palm-sized nucleic acid testing device with quadruplex parallel reactions was developed and validated towards low-cost malaria screening test. The device could perform the integrated and automatic sample preparation for parasite DNA extraction and streamlined realtime amplification on a single microfluidic reagent disc. The quadplex device could be configured either as four identical tests to increase the throughput or as four species-specific tests. The parallelization could be easily scaled up if needed in the future. The quantitative ability of the device could enable parasite load assessment for prescribing correct dose of antimalarial drugs. The analytical sensitivity against Pf-infected whole blood samples is~0.5 parasites/µl, adequate for detecting asymptomatic parasite carriers. The combination of the sensitivity, specificity, cost, and scalable sample preparation suggests the real-time fluorescence LAMP device could be particularly useful for malaria screening in the field settings. Considering the limited reagent lifetime at room temperature, the challenge of storage and transport of the liquid phase on the microfluidic reagent disc needs to be addressed in our future studies, preferably with reagent lyophilization. Fig. 7 . Species-and genus-specific tests using spiked whole blood samples. (A) The reagent compact disc was configured as species-specific tests. The testing unit 1 and 2 contains Pf-and Pv-specific primer sets, respectively. The testing unit 3 has a genus-specific primer set. Testing unit 4 is for internal negative control. (B) The result from a representative set of samples (i.e., Pf, Pv, mixed, and healthy). A threshold of 100 RFU (dashed line) is experimentally determined for positive and negative differentiation. The species information for a particular infected whole blood sample can be derived from four qualitative results on the single microfluidic disc (each row).
